Resistance to projectile flight in air decomposes into three main components. The first component is the nose drag due to the air pressure ahead of the body. The second is the skin friction drag component due to shear forces between the air layers. The third is the total base drag component due to disability of air stream lines to follow up the body shape specially at supersonic speeds. Herein, it is shown how different drag coefficients, and consequently total drag coefficient, can be predicted.
INTRODUCTION
During projectile flight in air, the total drag coefficient decomposes into three parts, that is: C D (M, Re) -C DN (M) C DsF (M, Re) + C DA (M) (1) where CDN, CDSF and CDA are the nose, viscous, and afterbody drag coefficients, respectively. Assuming axi-symmetric, ogival boat-tailed projectile, the afterbody drag divides into the base pressure drag CDBP and the boat-tail drag,CDBT, that. is:
A number of drag models have been introduced to predict drag coefficients, [1] [2] [3] [4] [5] [6] .
In a previous study [7] , it was concluded that for ogival boat-tailed projectiles, the semi-empirical model of Lebeqev and Chernobrovsky [5] gives good results for CDN and CDSF. On the other hand, the afterbody drag coefficient CDA is best predicted using the experimental data of Refs. [2] [3] [4] . In the following sections, component and total drag coefficients will be predicted for different projectile dimensions within the limits listed in Table (1) . 
NOSE AND SKIN FRICTION DRAG MODELING
According to Ref. [5] , the nose drag coefficient can be obtained as function of Mach number and nose length. Moreover, the skin friction drag coefficient is calculated from:
where Cf0 is the flat plate skin friction coefficient at zero Mach number. C10 IS Ei function of Reynolds number (Re) and the normalized laminar boundary layer length ( Xi), which is equal to the ratio of the laminar boundary layer to the projectile total length.
Similarly, the function EM introduces the effect of Mach number for a certain boundary layer length. Moreover, the function KcN accounts for the effect of projectile front shape and changes with ogive length and Mach number.
In Eq. (3), A (=TED2/4) and AT are the maximum cross section area of the projectile and the total wetted area of the projectile surface, respectively.
It is assumed that the front of the projectile is conical in shape ( 5(i=0.0) and the characteristic length is the projectile ogive length. The rear part (cylinder and boat-tail) of the projectile is considered to be cylindrical, that is ( Xi=0.0 and function Kci4=1). Also, the characteristic length is the summation of both cylinder and boat-tail lengths. Thus, the final equation which is applied to get COSF will have the following form: 
AFTERBODY DRAG MODELING
The afterbody drag components (cf. Eq. (2)) were estimated through wind tunnel tests in the three main regions of Mach number. (subsonic, transonic and supersonic) by ESDU [2] [3] [4] . In the following subsections, the base pressure drag and boat-tail drag coefficients will be predicted for different afterbody dimensions and Mach numbers ranging from 0.0 to 3.5.
Base Pressure and Boat-Tail Drag in Subsonic Speed Region
According to Ref. [2] , the base pressure drag is obtained as function of base diameter ratio (DB/D) and boat-tail angle 03), as shown in Fig. (1). Note that negative values of base pressure drag can be obtained, which will be compensated by summing the corresponding values of boat-tail drag coefficient. The latter coefficient in this speed region is predicted from graphs illustrated in carpet form [2] .
Base Pressure and Boat-Tail Drag in Transonic Speed Region
CDBP and CDBT were predicted using a family of curves in the carpet form at different Mach numbers [3] . Note that these data are based on the assumption that the flow remains fully attached to the projectile boat-tail surface.
Base Pressure and Boat-Tail Drag in Supersonic Speed Region
Similarly, CDBp was predicted ,at different Mach numbers, using curves issued by ESDU [4] . On the other hand, boat-tail drag coefficient in this speed.region is estimated by applying the following empirical forrri . qia, which is a modification of Kransov empirical equation [8] :
where C is a coefficient which varies with the projectile afterbody dimensions (p, DB/D), as shown in Fig. (2) .
PREDICTION OF TOTAL DRAG COEFFICIENT
Referring to Eq. (1), the total drag coefficient of an ogival boat-tailed projectile is predicted by the sum of the nose, base, boat-tail and viscous drag coefficients. The data of drag coefficients presented and discussed in the previous sections In the subsequent analysis two projectiles are considered, which will be referred to as P1 and P2, respectively (cf. Table (2)). Figure (3) shows the change of each of the drag components with Mach number.
Caliber op Forces acting on tree projectile during flight (6) where vx and vy are the components of projectile velocity in both x and y directions, t is the instantaneous time of flight, R is the total air resistance force, q is the projectile mass and g is the gravitational acceleration. The air resistance force is given by the following equation: where y is the projectile height, To is the air temperature at sea level, and pli000 is the air density at 11000 m height. The differential equations of the projectile velocity in both x and y directions will be:
To solve Eqs. (6) and (9), CD(M) must be known at every point. Consequently, Mach and Reynolds numbers must be estimated. The latter number is given by [91:
where LT is the projectile total length,µ is the air viscosity and j.t o is the, viscosity at sea level (110=1.789x10-5 N.s/m2). Moreover, the following equations relate air temperature in Kelvin to projectile altitude: Thus, by solving the system of the differential equations (6), (9) numerically, the projectile trajectory parameters can be estimated.
Applying the chosen drag model on the projectiles P1 and P2, the trajectory parameters were predicted at standard firing conditions. The errors in maximum ranges were found to be 0.3 % and 2.7%, respectively, with reference to the tabulated values. These trajectories are shown in The potential of the drag model presented herein will be checked via comparing the drag curves it predicts with those of PRODAS software [11] as well as with real measurements. The initial conditions of these measurements were recorded. Then, the range and side deviation were measured. The projectiles were also tracked by the radar and the instantaneous trajectory parameters at any point on the trajectory were determined. inaicates that it normally overestimates drag. That is why a drag form factor, which is lower than unity, is recommended in this software.
Figure (7) illustrates the total drag coefficients measured using the tracking radar and their counterparts predicted using the present model for the projectile P2 at different initial firing conditions. It is clear that the predicted values of the drag coefficient are generally higher than those measured in supersonic speed region. On the contrary, Co(M) is inverted at transonic speeds. Further comparisons between the model output and real firing data were made, and good agreement was generally obtained; in terms of maximum range, an accuracy of less than 2.7% was ascertained.
Having validated the model, it is now shown how to use it to find the optimum shape (afterbody dimensions and ogive length) that maximizes the range. The afterbody shape depends on the boat-tail length (LBT) and angle (n). Figure (8) illustrates the change in range due to variation of boat-tail length for boat-tail angles ranging from 3° to10°. It is obvious that the increase of boat-tail angle is recommended especially at high boat-tail length, but the stability is affected diversely. Percentage increase in range with boat-tail length and angle
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The optimum boat-tail length of the projectile P1 is equal to 0.8 D, because at this value the projectile stability on trajectory is well achieved. The stability of any spinning projectile depends on two main factors; the first is the gyroscopic stability factor, Sg , which represents the stability of the projectile at the moment of muzzle exit and the second is the dynamic stability factor, Sd, which represents the regularity of projectile flight i.e. the change of yaw with elevation at the ascendant arc of the trajectory [101.
Figure (9) To conclude the afterbody dimensions (boat-tail angle and length) affect the projectile range; the optimum boat-tail angle ranges from 3° to 5° and the boat-tail length from 0.75D to 1.0D. Also, the drag on the projectile decreases with the increase of the ogive length, but this increase affects the projectile stability during its motion on trajectory diversely.
